The transient yellow color observed in the cycloaddition of homobenzvalene (HB) with tetracyanoethylene (TCNE) is associated with the charge-transfer complex [HB, TCNE). The deliberate photoexcitation of [HB,TCNE) affords a mixture of charge-transfer cycloadducts (1, 2, and 3) that differs from that
>. Spectrophotometric sturlies establish the colors to derive from weak 1:1 complexes that are initially formed upon the exposure of TCNE to arenes, i.e. The close relationship of the CT excited state and the transition state of the thermal process can be deduced from the linear free energy corrclation observed between the charge-transfer excitation energy (hvCT) of the [TCNE-Anthracene] complex and the secondorder rate constant (log k2) for the Diels-Alder cycloaddition 6 1. lndeed, a related study 7 1 of the [2 + 4] cycloaddition of TCNE and diphenylbenzocyclobutene (DBC) recently established the Chargetransfer activation to follow the same stereochemical course as that obtained by the thermal valence tautomerization of DBC, as previously delineated by Huisgen, Quinkert, and co-workers 8 • 9
l. However, the attempt to demonstrate the direct involvement of the [fCNE-Arene] complex in the Diels-Alder cycloaddition by Cf activation was beset with experimental difficulties 10 >. Thus, those anthracenes (with electron-withdrawing substituents) which could be examined photochemically afforded thermally labile (i. e. reversible) Diels-Alder adducts, whereas the other analogues yielded stable adducts but at thermal rates that were too fast to provide an unambiguous answer. Accordingly, we have focussed our attention in this study on the facile cycloaddition of TCNE to homobenzvalene 11 >, when we learned of the fleeting yellow color 121 that was suggestive of the CT complexes as transient intermediates of the type described above.
Results

Charge-Transfer Complexes of Homobenzvalene and TCNE
A colorless solution of homobenzvalene (HB) in dichloromethane immediately took on an orange-red color when obtained in thermal cycloaddition. The relationship of {HB t TCNE•) radical-ion pair (as the critical reactive intermediate in charge-transfer cycloaddition) to the activation process for thermal cycloaddition is discussed.
TCNE was added. The color was sufficiently persistent at ooc to allow the absorption spectrum of the charge-transfer complex with Ä.malt = 452 nm to be clearly resolved from the local bands of both homobenzvalene and TCNE ( Figure 1 ). Owing to tbe very low solubility of TCNE in hexane, the charge-transfer spectrum was measured in this solvent with various amounts of homobenzvalene in excess. Under these conditions, the variation of the charge-transfer absorbance Acr is given by the Benesi-Hildebrand relationship Table 1 , especially if solvents are considered in the order of increasing polarity: hexane, tet· rahydrofuran, dichloromethane, and acetonitrile. In con· trast, the persistence of the CT absorption was strongly dependent on the solvent polarity. In either hexane or THF, the red·orange color was intact for more than 10 hat 0°C, but was only fleetingly observed in acetonitrile. Cooling the acetonitrile solution to -40 oc was required before the CT absorption could be made to persist unchanged for more than 4 h. ]non-3-ene-8,8,9,9·tetracarbonitrile (1) in 33% yield. Indeed, the ab· sorption spectrum of pure 1 with Amax = 389 nm (Emax = 130 M-1 cm -t) showed it to be largely responsible for the spectral change in Figure 2 . The structure of 1 was established by X-ray crystallography, and the ORTEP diagram 
The formation of the isomeric TCNE cycloadducts with homobenzvalene by irradiation according to eq. (4) Figure 4 shows the monotonic disappearance of homobenzvalene (and appearance of the principal adduct 1), uncomplicated by the formation of any valence isomer as possible intermediates. Thus, each of the unique TCNE adducts in eq. (4) resulted directly from the CT excited state and not from some subsequent photoisomerization since neither 1, 2, nor 3 were capable of absorbing the incident light. Furthermore, the control experiments with the principal thermal adducts 2 and 4 (vide infra) showed that they were quantitatively recovered intact when solutions containing TCNE were irradiated under the conditions of the charge-transfer cycloaddition.
• 14
• 12 The CT cycloaddition of homobenzvalene and TCNE in acetonitrile was carried out at -35 oc in order to obviate any complication from the thermal process in the more polar solvent. Although the photochemical conversion under these conditions was similar to that in dichloromethane at about the same temperature (see Table 2 ), the photolysate took on a distinct brown coloration. Inspection of the absorption spectra in Figure 5 shows the growth of the characteristic spectrum of tetracyanoethylene anion radical (TCNE . The relative amounts of the CT cycloadducts 1, 2, and 3
were largely unaffected by changes in the medium. In particular, increases in solvent polarity 24 l from hexane, tetrahydrofuran, dichloromethane, and acetonitrile led to only a minor increase in the importance of isomer 1. Whereas the cycloadduct 2 appeared to follow a somewhat opposed trend, no clear-cut solvent dependency was observed in the formation of adduct 3. The results in Table 2 thus indicate that the variation in product distribution with solvent changes was, at most, quite minor.
Thermal Cycloadditon of Homobeazvalene with TCNE
In order to calibrate the charge-transfer cycloaddition of homobenzvalene and TCNE, especially with regard to medium effects, the red-orange solution was allowed to stand at room temperature without deliberate irradiation. The ensuing dark thermal reaction was followed spectrally by measuring the decrease in the CT absorbance. The changes in the CT absorption spectum in Figure 6 were accompanied by an increasing absorbance in the spectral region between 1.. = 320 and 400 nm. Indeed, the workup of the reaction mixture yielded the thermal TCNE adduct tricyclo-[3.3.1.02.8]non-6-ene-3,3,4,4-tetracarbonitrile11l (4) that was responsible for this spectral feature, owing to its yellow color and low-energy tail absorption. The additional pair of thermal cycloadducts 5 and 2 shown in eq. (5) were formed in amounts (Table 3) comparable to those originally reported by Christi and co-workers 11 1 . The structural characterization of the thermal cycloadducts in eq. (5) 11 > includes E. Kim, M. Christi, J. K. Kochi only the isomer 2 in common with the charge-transfer cycloadducts in eq. (4). The thermal cycloaddition of homobenzvalene with TCNE also differed from the CT process in its response to changes in the medium -with respect to both the distribution of isomeric products 19 > and the rate of cycloadditon. Thus, the change in solvent polarity from hydrocarbon (benzene, hexane), tetrahydrofuran, dichloromethane to acetonitrile led to a progressive change from 2 as the sole thermal cycloadduct in the nonpolar solvent to 4 as the principal (ca. 70%) isomer in the mostpolar solvent. Although the kinetics of the thermal cycloaddition were not examined, the rate differences were so large as to be unmistakable. For example, the thermal cycloaddition in either tetrahydrofuran or dichloromethane at 20°C required more than 6 days to attain ca. 50% conversion. By contrast, roughly the same occurred in acetonitrile in 15 h 
Discussion
The cycloaddition of homobenzvalene (HB) with TCNE presents a unique opportunity to examine the thermal and charge-transfer activation of a pericyclic process simultaneously in a single system.
Mechanism of Charge-Transfer Cycloaddition
The charge-transfer activation of TCNE cycloaddition to homobenzvalene is a nonadiabatic process that must pro- 301 [HB,TCNE] must therefore be included in any mechanistic formulation of CT cycloaddition by taking particular cognizance of how it decays. Most important is the competition from the return to the ground state by back electron transfer (bet) with a first-order rate constant that is estimated to be kbet > 10 10 s _, from the redox potentials 31 • 32 >. Such a magnitude of kbet generally restricts the CT photoactivation of the TCNE complex to an ion pair with a lifetime of less than 10 2 ps, that is usually attainable only by unimolecular fragmentation, rearrangements, etc. of the cation-radical moiety 33 >. 1t therefore follows that the photoefficiency of the CT cycloaddition as presented in Table 2 arises from the structural alteration of HB t with a rate constant k 2 > 10 10 s -1 to obviate significant competition from back electron transfer. Indeed, the cation radicals of strained hydrocarbons such as homobenzvalene are known tobe highly susceptible to various types of ring-opening transformations34-36l. Accordingly, we propose that spontaneous isomerization of HB t to the three cation radicals presented as 1 t, 2 t, and 3 t in Scheme 1 l7) represents the most economical formulation for the origin of the isomeric CT cycloadducts. Whether the subsequent annihilation of each of these cation radicals (i.e., 1 t, 2t, and 3t) with the acceptor moiety TCNE •, e. g. eq. (7), proceeds in a concerted or stepwise manner to afford the er cycloadducts 1, 2, and 3, respectively, is not indicated by the results on band. However, we hasten to add that the insensitivity of the product distribution among the isomeric cycloadducts 1, 2, and 3 to the solvent variation in Table 2 is best accommodated by a complete isomerization of HB t (as in Scheme 1) prior to reaction with TCNE•. Indeed, the contact ion pair (CIP) initially formed in a highly nonpolar medium such as hexane is constrained to undergo annihilation directly within the solvent cage 38 >, whereas polar solvents such as acetonitrile promote ionic dissociation to solvent-separated ion pairs (SSIP) prior to annihilation 39 >.
[Note that the latter is supported by the spectral observation of small but discrete amounts of TCNE • ( 
Comments on the Thermal Cycloaddition of Homobenzvalene with
TCNE
The thermal cycloaddition of homobenzvalene with TCNE is an adiabatic process in which the transition state(s) is (are) attained by the collapse of the homobenzvalene donor with the tetracyanoethylene acceptor to afford the isomeric adducts 2, 4, and 5 43 >. Unlike the mechanistic situation for charge-transfer cycloaddition, the intervention of reactive intermediates in the thermal cycloaddition is difficult to establish by direct methods. Thus, any reactive intermediate will not be formed in sufficient concentration to observe in a thermal process since its rate of further reaction will always be faster than its rate of production 4 s 1 • As a result, the mechanistic pathway for the thermal cycloaddition of homobenzvalene with TCNE must be deduced by indirect means, for example, by comparison with the CT cycloaddition. If so, Scheme 2 461 presents the alternative isomerizations of HB t to the isomeric cation radicals 2 t, 4 t, and 5 t that are directly related to the thermal cycloadducts 2, 4, and 5, respectively. However, the cation radical 5 t (with both cationic charge and electron residing on the same methine center) is unlikely to arise from the rearrangement of HB t. Furthermore, the cation radicals 2 t and 4 t could arise from the rearrangement of HB t by bond fragmentation, but they cannot both be involved in thermal cycloaddition since 2 t is rapidly equilibrated with 1 t and 3 t, as described above. Since the complexion of products in eq. (5) is quite distinct from that obtained in the CT cycloaddition [eq. (4)], we conclude that the homobenzvalene cation radical of the type presented in Scheme 1 certainly cannot be involved in the thermal process. Accordingly, the electrophilic attack at the 1 -position of homobenzvalene by TCNE to generate zwitterionic intermediates as described by Christi and coworkers
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, is a viable alternative for the production of the thermal cycloadducts 2, 4, and 5. Such divergent pathways for thermal and charge-transfer cycloadditions provide a compelling mechanistic basis for the strong difTerence observed in their sensitivity to solvent variation that is otherwise diflicult to reconcile 47 >.
Scheme 2. Hypothetical rearrangements of HB t to the putative cation radicals ~! . 4l. and 5! according to rcf. 4111 The common appearance of the cycloadduct 2 as an important component in both charge-transfer and thermal cycloaddition indicates that these activation processes are strongly coupled. Indeed, the pbotoelectron spectrum of homobenzvalene reveals at least two sites of potential reactivity centered at either the Walsh-type a 1 
Charge-Transfer Cycloadditon of Homobenzvalene with TCNE:
The red-orange solution of 150 mg (1.63 mmol) of homobenzvalene with 45 mg of TCNE in 10 ml of dichloromethane was irradiated at O.,C with the output from a 1-kW high-pressure mercury/xenon lamp which was passed through a Corning sharp-cutofT filter (A. > 425 nm). After 4 h, the yellow-brown solution was concen- : Cycloadduct 3 was always contaminated with 2 even after repeated column chromatography and recrystallization in various solvents. Trial to isolate 3 from the mixture using either NOCl or AgN0 3 was unsuccessful. Cycloadducts 2 and 3 were stable under those conditions. Using the white solid mixture of 3 and 2 (ca. 25% contamination of 2 by 1 H NMR}, structural information was obtained from two-dimensional COSY spectroscopy, 13 C NMR, and GC MS. Peak assignments in the 1 H-NMR spectrum were made by using a molecular model based on the result of the coupling pattern from the two-dimensional COSY spectrum. • The Laue symmetry was determined to be 2/m, and from the systematic absences noted the space group was shown unambiguously tobe P2tfc. Intensities were measured using the w scan technique, with the scan rate depending on the count obtained in rapid prescans of each reflection. Two standard reflections were monitared after every two hours or every 1 00 data collected, and these showed no significant decay. In reducing the data, Lorentz and polarization corrections were applied, however, no correction for absorption was made due to the small absorption coefficient. The structure solution was obtaincd from TREF using the SHELXTL PLUS direct methods, yielding coordinates for all but one of the non-hydrogen atoms in the asymmetric unit, which consists of one complete molecule. The usual sequence of isotropic and anisotropic refinement was followed, after which all hydrogen atoms were entered in ideal calculated positions and allowed to refine independently. A single variable isotropic thermal parameter was assigncd to all of the hydrogen atoms. After all shift/ esd ratios were less than 0.1, convergence was reached at the agreement factors listed above. No unusually high correlations were noted between any of the variables in the last cycle of full-matrix least squares refinement, and the final difference density map showed no peaks !arger than 0.30 e/A H NMR using CH 3 N0 2 as an internal standard. The reddish yellow solution of 1.46 mmol of homobenzvalcne with 0.46 mmol of TCNE in 8 ml of dichloromethane initially yielded a yellow solution and then became darker. After 7 days, the solvent was removed to give 92 mg of a light brown residue. Cycloadduct 5 (13 mg, 13%) was isolated from the initial chromatographic fraction with a mixture of hexane and ether (1: 1; v/v). The rnixture of 4 and 2 (47 mg) followed, and their amounts were quantified by 1 H-NMR analysis to yield 4 (0.14 mmol, 30%) and 2 (0.71 rnmol, 15%). The red-orange solution of 0.92 mmol of homobcnzvalene with 0.33 mmol of TCNE in 6 ml of chloroform was stirred for 3 days to give a dark yellow-brown solution containing a small amount of undissolved TCNE. TCNE (6.4 mg, 0.05 mmol) was removed by filtration and the solution concentrated in vacuo. The brown residue was analyzed by 1 H-NMR spectroscopy to give 0.011 mmol of 4, 0.013 mmol of 5, and 0.05 mmol of 2 using CH 3 N0 2 as an internal standard. From a large-scale reaction and repeated column chromatography, cycloadducts 4, 5, and 2 were isolated and used as authentic samples. 
